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Boosting Fano resonances in single layer concentric core-
shell particles
Jordi Sancho-Parramon,∗a and Denis Jelovinab
Efficient excitation of Fano resonances in plasmonic systems usually requires complex nano-structure geometries and some
degree of symmetry breaking. However, a single-layer concentric core-shell particle presents inherent Fano profiles in the
scattering spectra when sphere and cavity modes spectrally overlap. Weak hybridization and proper choice of core and shell
materials gives place to strong electric dipolar Fano resonances in these systems and retardation effects can result in resonances
of higher multipolar order or of magnetic type. Furthermore, proper tailoring of illumination conditions leads to an enhancement
of the Fano resonance by quenching of unwanted electromagnetic modes. Overall, it is shown that single layer core-shell particles
can act as robust Fano resonators.
1 Introduction
The Fano resonance (FR) is a characteristic signature of quan-
tum systems resulting from the interference of a broad spectral
continuum and a narrow discrete state1. During the last years,
classical analogies of FR have been observed in plasmonic
nano-structures2,3, where bright and dark plasmon modes play
the role of continuum and discrete states, respectively. The
bright plasmon resonance can be directly excited by the incom-
ing radiation and also by its electromagnetic coupling to the
dark mode. The interference between these two excitation path-
ways gives place to FR in the radiated light spectra4. Strictly
speaking, the plasmon mode acting as discrete state does not
have to be completely dark, i.e., interference between super-
radiant and sub-radiant plasmon resonances can also results in
FR3,5,6. Overall, the FR in plasmonic systems is interesting
due to its asymmetric line-shape, strong dispersion and scatter-
ing suppression. These characteristics may lead to multiple ap-
plications such as plasmonic rulers7,8, sensing9–11, cloaking12,
fluorescence enhancement13, optical switching14 and optical
manipulation15 .
The efficient excitation of FR in plasmonic systems requires
spectral overlapping and strong interaction of the involved plas-
mon modes4. In this sense, plasmonic oligomers are excel-
lent candidates for FR generation since the complex mode
hybridization that takes place through near field coupling of
closely located particles enables largely tunable mode engi-
neering16–19. The characteristics of FR in oligomers are highly
dependent on the environment, making them very suitable for
sensing applications16,20. However, the FR is also strongly
sensitive to the oligomer geometry and highly accurate fab-
rication techniques such as electron beam lithography are re-
quired to avoid variations from the targeted resonance fre-
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quency and line-shape. In addition, most of up-to-date fabri-
cated plasmonic oligomers are planar structures, having intrin-
sically anisotropic electromagnetic behaviour and only certain
symmetric configurations can lead to polarization-independent
response for a given propagation direction21,22. An alterna-
tive widely studied structure for generation of plasmonic FR are
core-shell single particles, that have isotropic optical response
and can be synthesized by large-throughput and cost-efficient
chemical methods. The electromagnetic response of core-shell
particles has been largely investigated since this system enables
achieving total scattering cancellation and hence represents a
canonical example of cloacking device23.. Multi-layered core-
shell particles can give place to FR arising from the interaction
between hybridized modes that result from the coupling of plas-
mons excited at different metal-dielectric interfaces24–26. Ad-
ditional FR can be also observed in non-concentric core-shell
particles24,27–29, since symmetry breaking induces electromag-
netic coupling between otherwise non-interacting orthogonal
modes30. However, FR can take place even in single-layer
concentric core-shell particles. For instance, bimetallic par-
ticles present FR as result of the interaction between narrow
plasmon modes and broad core interband transitions31, in anal-
ogy with the case of metallic heterodimers32. FR have been
also observed in silver-core dielectric-shell particles33 and ex-
plained in terms of the interference between light scattered by
the plasmon mode and the dielectric shell. More generally, FR
have been theoretically predicted for plasmonic-core dielectric-
shell particles.34 Finally, in the context of scattering cancella-
tion it has been pointed out that, in the dipolar approximation,
coupling between hybridized bonding and anti-bonding modes
in dielectric-core metal-shell small particles can give place to
FR28,35. This type of FR can be further modulated if a radi-
ally anisotropic core is considered.36As a general rule, there
is a correlation between structure complexity and FR excita-
tion efficiency and consequently the FR in a single-layer con-
centric core-shell geometry is significantly weaker than those
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observed in multilayered asymmetric particles or in plasmonic
oligomers.
In the present study we numerically investigate how a proper
choice of material properties, geometry and illumination con-
ditions may lead to strong FR in single-layer concentric core-
shell particles in the optical range. The key issue is weak hy-
bridization between cavity and sphere modes. In this regime,
a proper choice of core and shell properties can result into FR
of electric dipolar nature and, when retardation effects become
significant, of higher multipolar order and even of magnetic
type. Generation of FR is shown in metal-dielectric, dielectric-
metal and all-dielectric core-shell particles. Furthermore, con-
trolling the intensity and polarization distribution of light en-
ables selective mode excitation and FR enhancement. The
present results indicate that properly designed and excited sin-
gle layer core-shell particles, that can be fabricated with well-
established techniques, behave as effective and robust systems
for FR generation.
2 Numerical methods
Exact calculation the electromagnetic response of a core-shell
particle can be performed analytically using the extension of
Mie theory37 developed by Aden and Kerker38. Basically, all
the involved fields (incident, scattered and the fields in the
shell and in the core) are expanded in vector spherical har-
monics that represent multipole electric and magnetic fields.
Imposing boundary conditions at the interfaces of the parti-
cle (core-shell and shell-external medium) the expansion co-
efficients can be determined. Then the extinction and scatter-
ing cross sections, defined as the ratio between extinguished
and scattered energy rates and the incident irradiance, can be
calculated as Cext = 2pik2 ∑
N
n=1 (2n+1)Re(an +bn) and Csca =
2pi
k2 ∑
N
n=1 (2n+1)
(
|an|2 + |bn|2
)
where an and bn are the scat-
tered field expansion coefficients for the electric and magnetic
multipoles of order n, N is the largest multipole order con-
sidered and k is the wave-number in the incident medium.
One should note that the scattering associated with each mul-
tipolar order adds incoherently to the total scattering cross
section. The absorption cross section can be computed as
Cabs =Cext−Cscatt . Dimensionless extinction (Qext ), scattering
(Qscatt ) and absorption (Qabs) efficiencies are obtained divid-
ing the corresponding cross sections by the cross sectional area
of the particle (pir2s ) , being rs the shell radius. In all the cal-
culations, the number of multipoles N has been increased till
convergence of the computed quantity was achieved in all the
range of interest where parameters (photon energy, dielectric
function, particle sizes) were varied. Typically, N is larger for
near-field quantities than for cross sections39.
In the original work of Aden and Kerker the considered in-
cident field was a plane wave. In the present work we consider
also other illuminations schemes that can be implemented in
the same calculation scheme by expanding the incident field in
vector spherical harmonics. Thus, a focused plane wave can be
treated with the multipolar expansion developed by Sheppard
and To¨ro¨k,40 that has been used to study the influence of tight
focusing on the plasmon spectra of single particles41 and parti-
cle dimers39. As the degree of focusing increases, the relative
weight of high order vector spherical harmonics decreases40,41.
In addition, we also consider illumination by cylindrical vector
beams. In this case, we use the field expansion provided by
Borghi et al.42. This study shows that the expansion of radi-
ally (azimuthally) polarized focused beams requires the use of
vector spherical harmonic representing only electric (magnetic)
multipoles43,44. Generally speaking, the expansion of an arbi-
trary field distribution into vector spherical harmonics can be
computed numerically37. We use this approach to calculate the
response of particles illuminated by focused Hermite-Gaussian
beams.
The cross sections and efficiencies defined for plane wave
excitation loose their meaning if other illumination schemes
are considered. Thus, for the focused plane waves, Hermite-
Gaussian beams and cylindrical vector beams cases studied in
the present work we have used normalized efficiencies. They
are defined as the ratio between the power extinguished and
scattered by the particle and the average incident power cross-
ing the particle cross section at the focal plane and divided by
the cross sectional area of the particle. For a weakly focused
plane wave this quantity trends to the efficiency value of a plane
wave. For cylindrical vector beam, the power crossing the focal
plane vanishes at the optical axis where the particle is located
and a quantitative interpretation of the normalized efficiencies
may be inappropriate for comparison with plane waves43.
3 Results and discussion
3.1 Composition and size effects
We start our analysis by revisiting the optical properties of
metal-shell dielectric-core nanoparticles45–48. In the quasi-
static limit, the largely tunable electromagnetic response of
these particles can be understood in terms of the hybridization
between sphere (ωs) and cavity (ωc) modes, corresponding to
dipole plasmons excited at the shell-external medium and core-
shell interfaces, respectively (Fig. 1.a)49. The interaction be-
tween these modes results in a super-radiant bonding (ωb) and
a sub-radiant anti-bonding (ωa) resonance that split away as
mode coupling increases, i.e., as the core-to-shell radius ratio
is reduced, in a similar fashion as it happens with odd and even
surface plamon polaritons in thin metal films50,51. Since super-
radiance implies spectrally broad resonances52, the bonding
and anti-bonding modes can act as the continuum and discrete
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Figure 1 Scheme of hybridization of plasmon modes in a core-shell nanoparticle and generation of FR due to the overlapping of bonding (ωb)
and anti-bonding (ωa) modes (a). Scattering efficiency spectra for a silver-shell dielectric-core particle embedded in water with rs = 30 nm for
εc = 7 (b) and for εc = 14 (d). Extinction (blue), scattering (green) and absorption (red) efficiencies for εc = 7 (c) and for εc = 14 (e) when
rc = 5 nm.
state necessary to generate a Fano line-shape in the scattering
spectra.
In order to illustrate the appearance of FR in these systems,
we calculate the optical response of a silver-shell dielectric-
core particle. In Fig.1.b it is shown the scattering efficiency
spectra (Qscatt ) for such particle, using the data of Johnson
and Christy for silver53 and setting the dielectric function of
the core to εc = 7. The shell radius is rs = 30 nm and the
core radius, rc, is varied from zero to rs/2. The particle is as-
sumed to be in a water-like environment with dielectric func-
tion εm = 1.77, same as for the rest of simulations except oth-
erwise stated. For small rc values hybridization is weak and the
two observed resonances essentially correspond to the primi-
tive modes, i.e., the anti-boding resonance is a cavity-like mode
that takes place at the photon energy where the Fro¨lich condi-
tion εc =−2εs is fulfilled, where εs is the shell dielectric func-
tion. The bonding resonance is a sphere-like mode that occurs
at an energy given by the size-corrected Fro¨lich condition37,
εs = −(2+ 12x2s/5)εm with xs being the size parameter of the
shell. FR can be clearly observed in this weak hybridization
regime, as shown in Fig. 1.c for a particle with rc = 5 nm: the
excitation of the anti-bonding mode in the absorption efficiency
(Qabs) at 3.2 eV coincides with the FR line-shape in the scat-
tering spectrum. As the value of rc increases, the anti-bonding
and bonding mode shift to higher and lower energies respec-
tively and the spectral overlapping of the modes, and hence the
FR strength, reduces.
In order to quantify this effect and estimate the strength of
the FR we have fitted the scattering spectra to the analytical
model based on the interaction of electromagnetic modes re-
cently proposed by Gallinet and Martin.54,55 (see Supporting
Information). In this model, the FR line-shape is characterized
by two parameters: b, the modulation damping parameter that
originates from absorption losses and q, the asymmetry param-
eter defined as the ratio between the optical response of the sub-
radiant mode and the continuum. As hybridization increases,
both |q| and b become larger, asymmetry is damped and the
scattering line-shape for energies around the sub-radiant mode
becomes Lorentzian-like. Qualitatively, this is a similar situa-
tion to the one observed for FR in quadrumers55: when the in-
terparticle separation decreases and electromagnetic coupling
among particles increases, both |q| and b become larger and
the FR looses its characteristic line-shape. One should note,
however, that the FR is not efficiently excited for very small rc
values. In this case, electromagnetic coupling is too weak com-
pared to absorption losses and the resonance vanishes, i.e., the
value of b increases, in analogy to the behaviour reported for
dolmen plasmonic structures55,56.
The case of a particle having a dielectric core with εc =
14 is shown in Fig. 1.d. For such particle the cavity mode
is located at lower energy than the sphere mode and the sub-
radiant anti-bonding and super-radiant bonding modes shift re-
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spectively to lower and higher energies as the core-to-shell ratio
increases47,48. Again, in the weak hybridization regime a FR
can be clearly observed, as shown in Fig. 1.e. for the rc = 5 nm
case. As hybridization becomes stronger, the values of |q| and
b become larger and the FR vanishes (Supporting Information).
It can be noted that now the sub-radiant mode is located at the
low energy side of the super-radiant mode, hence resulting in
an asymmetry Fano parameter q < 055, as opposite to the case
with εc = 7, where q > 0.
The observed FR in the previous example are relatively weak
compared to those that can be obtained in other plasmonic sys-
tems. Nevertheless, in the weak hybridization regime the FR
located at lower energies (εc = 14) appears to be stronger than
the one that takes place at higher energies (εc = 7), what can
be explained in terms of the reduced absorption losses and,
thus, plasmon damping that occur as resonances red-shift. Such
behaviour, that is a common characteristic of plasmon reso-
nances57 including cavity modes58, is even more evident if one
considers Au instead of Ag as shell material (Figure 2 in Sup-
plementary Information). In that case, FR are strongly damped
due to the large losses in gold and they are only evident when
taking place at small photon energies, i.e., for very large val-
ues of εc. The observed trend can be also verified if one ana-
lyzes the response of larger particles. Fig. 2.a. shows the scat-
tering efficiency for a silver-shell dielectric-core with rc = 20
nm and rs = 70 nm, i.e., the shell thickness is large enough to
avoid significant hybridization but still comparable to the Ag
skin-depth thus enabling excitation of the cavity mode at the
core-shell interface. Due to the lack of mode hybridization, the
bright bonding sphere-like mode acting as continuum is unaf-
fected by the value of εc. However, increasing εc shifts the
narrow anti-bonding cavity-like mode to the red, where losses
are smaller and the FR becomes stronger. This red-shift can be
further enhanced by retardation increasing the particle size, as
it can be seen in Fig. 2.b that shows the scattering efficiency
of a core-shell particle with rc = 80 nm and rs = 130 nm, i.e.,
with the same shell thickness as in Fig. 2.a. The FR excitation
also benefits from retardation through broadening of the bond-
ing sphere-like mode that acts as a less dispersive continuum.
The strengthening of FR with the increase of particle size can
be seen in Figs. 2.c and 2.d that show the efficiency spectra of
core-shell particles with εc = 9. The cavity-like mode in the
absorption spectra and the corresponding Fano profile in the
scattering spectra that takes place at 2.8 eV for the particle with
rs = 70 nm become significantly narrower as the resonance red-
shifts to 1.58 eV for the particle with rs = 130 nm. Quenching
the effect of absorption by using large particle sizes enables the
efficient excitation of FR when gold is used as shell material,
even with moderate values of εc (Figure 3 in Supplementary
Information).
One can observe that additional FR appear in the scattering
spectra as the particle size increases, corresponding to the exci-
Figure 2 Scattering efficiency for a silver-shell dielectric-core
particle (a, b). Extinction, scattering and absorption efficiencies for
εc = 9 (c, d) and scattering contributions from different multipolar
orders (e, f). Square amplitude (log scale) of the total electric field in
the near field region for energies slightly below (g, h) and at the dip
(i, j) of the dipolar FR. The incident field is x-polarized and
propagates in the z > 0 direction. Left column (a, c, e, g, i) refer to
particle with rc = 70 nm and rs = 130 nm and right column (b, d, f, h,
j) to the particle with rc = 70 nm and rs = 130 nm.
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tation of higher order sphere-like and cavity-like modes. As is
the case for the dipolar FR, the excitation of a cavity-like mode
in the absorption efficiency coincides with a Fano line-shape in
the scattering spectra. Decomposing the scattering efficiency
into its different multipolar contributions evidences this fact.
Thus, for the rs = 70 nm particle (Fig. 2.e) in addition to the
electric dipolar FR (associated with the a1 Mie scattering coef-
ficient) there is also a closely located electric quadrupolar dip
(a2). In the rs = 130 nm particle (Fig. 2.f), besides the electric
dipolar, quadrupolar (≈ 2 eV) and even octupolar (≈ 2.2 eV)
FR, a magnetic dipole FR (b1) is also observed close to 3 eV.
Likewise the dipolar FR, the higher order FR become more ef-
ficiently excited as they red-shift upon increase of particle size.
Although retardation induces strong FR by quenching the ef-
fect of losses, the higher order sphere-like plasmon resonances
contribute with a background that does not interact with the
cavity-like anti-bonding modes and thus ultimately limits the
scattering cancellation at the Fano minimum59. The influence
of the higher order resonances can be seen in the near field maps
shown in Figs. 2.g to 2.j. In the particle with rs = 70 nm there
is a strong overlapping of the quadrupolar mode with the dipo-
lar FR. As result, the near field distributions at a photon energy
slightly below the FR (Fig. 2.g) and at the Fano dip (Fig. 2.i)
are quite similar due to the significant quadrupolar contribution
that masks the relatively weak modulation of the dipolar FR.
For the particle with rs = 130 nm, at photon energies below the
dipolar FR (Fig. 2.h) the field distribution is basically of dipo-
lar nature because there is weak overlapping with higher order
modes. At the Fano dip (Fig. 2.h), however, the efficient can-
cellation between the dipoles of the cavity and shell leads to a
near field map dominated by the quadrupolar contribution.
Fabrication of most of dielectric-core metal-shell particles is
based on use of cores with relatively low dielectric constant
such as SiO2. In that case, the cavity mode is located at sig-
nificantly larger energies than the sphere mode. In the non-
retarded limit the cavity-mode falls into the range with large
absorption losses, including inter-band transitions. Even if the
particle size is increased and the resonances red-shift, the spec-
tral overlapping between sphere-like and cavity-like modes re-
mains insufficient for significant excitation of FR, as can be
noticed from Figs. 2.a and 2.b. In the experimental works that
have addressed the study of particles with large dielectric con-
stant cores47,48, the shell thickness was thin enough to lead to
strong hybridization and avoid excitation of strong FR. These
FR in the total scattering spectra have been also overlooked
in theoretical studies on the optical properties of large dielec-
tric constant core and metallic-shells that have focused either
on the strong hybridization regime60 or on off-resonance field
enhancement and FR in directional scattering spectra61. The
requirement of weak hybridization for the efficient excitation
of FR indicates that, on the contrary to FR in oligomers, they
are inadequate for sensing purposes because the FR position
is almost uniquely determined by the cavity mode, i.e., by the
core radius and the composing materials. Thus a more suitable
application of these FR could be found in optical tagging62 as
their characteristic extinction and scattering line-shape is nearly
independent of the medium where particles are located. In ad-
dition, the position, width and asymmetry of these FR would
be unaffected by small variations of shell thickness during the
fabrication process.
A metal-core dielectric-shell structure can also show Fano
profiles in the scattering spectra that have been associated with
the interference between the plasmon resonance of the metal
core and the broad scattering background from the dielectric
shell33. Figure 3 shows the scattering efficiency spectra for
silver-core (rc= 20 nm) SiO2-shell particles embedded in a
water-like medium. Even for a moderate value of the silica
shell (rs = 75 nm, Fig. 3.a.), the scattering efficiency shows
the asymmetric profile characteristic of FR. The contributions
of the plasmon mode of the core embedded in a silica envi-
ronment and of a silica shell without the metal core are also
displayed, indicating that the first acts as a narrow discrete
mode with symmetric Lorentzian line-shape and the second as
a broad continuum. For smaller shell sizes, the scattering from
the shell is weaker and the Fano profile becomes Lorentzian-
like. Hence, it was suggested that further enhancement of the
FR could be achieved by providing larger scattering from the
shell33, i.e., by increasing the shell size factor as shown in Fig.
3.c., for a value of rs = 150 nm. However, scattering from the
shell starts displaying magnetic modes in addition to the dipo-
lar electric Mie resonance when its size factor (i.e., thickness
or refractive index) increases63 (Fig.3.d). Thus, a larger shell
size (Fig. 3.e) does not result in a significant enhancement of
the Fano profile due to the magnetic and higher order electric
modes (Fig. 3.f) that contribute to the total scattering efficiency
but do not interact with the core electric dipolar plasmon mode.
In the previous cases the plasmon resonance plays an essen-
tial role on the excitation of FR by acting either as a discrete
state (metal core) or broad continuum (metal shell). Plasmonic
modes are also fundamental in the asymmetric line-shapes that
have been observed in the scattering spectra of particles made
of a metal core surrounded with a layer of J-aggregates64. This
asymmetry that can be understood as result of the interaction
of electric dipolar modes (plasmon and exciton) of significantly
different width. In a broad sense, however, the basic require-
ment for FR excitation is that the mode associated with the
shell and the one of the core have the same multipolar order
and significant spectral overlapping. Thus, it could be possi-
ble to obtain similar FR as those described above for metal-
core dielectric-shell particles by considering a large dielectric
constant core that displays narrow Mie resonances65. Indeed,
Mie resonances have been used for the excitation of FR in all-
dielectric oligomers by combining the dipolar magnetic modes
of silicon nanoparticles instead of the plasmon modes of metal
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Figure 3 Scattering efficiencies of a 20 nm silver core surrounded by
a silica shell of radius 75 (a), 150 (b) and 225 (c) nm (blue). The
efficiency of a shell-only (red) and a core-only (green) particle is also
shown. Right column shows the electric and magnetic contribution to
the total scattering efficiency.
clusters66,67. Figure 4.a shows the scattering efficiency of a di-
electric core (rc = 100 nm) surrounded by a SiO2 shell (rs =
500 nm). The broad scattering band independent of εc is asso-
ciated with the shell contribution while the superimposed nar-
row peaks are connected to Mie resonances from the core. The
interaction of these narrow modes with the background pro-
vided by the shell gives place to several FR for large values of
the core dielectric constant. Each of these FR corresponds to
a different multipolar order, as can be seen from the multiple
contributions to the scattering spectrum of a core with εc = 36
(Fig. 4.b). One can notice that in absence of absorption the
scattering cancellation is complete for a FR of given order and
the value of total scattering at the dip value is limited by the
contribution of other multipolar orders. The large values of the
dielectric function necessary to obtain narrow FR are not acces-
sible in naturally available materials in the optical range. For
instance, silicon or germanium have εc ≈ 16 and their Mie res-
onances have a width comparable to the shell modes. However,
the effective dielectric function of composite plasmonic materi-
als consisting of densely packed metal nanoparticles can show
large values for energies below the plasmon resonance as it
has been theoretically predicted68 and experimentally demon-
strated69. These artificial dielectric composites may pave the
path towards all-dielectric FR in core-shell systems.
Figure 4 Scattering efficiency of a dielectric-core silica-shell particle
with rc = 100 nm and rs = 500 nm as function of the photon energy
and core dielectric function (a). The scattering efficiency for the case
of εc = 36 is shown in (b), together with the partial contributions
from different multipolar orders.
3.2 Illumination conditions
A common feature to all FR in the core-shell systems described
above is that the contribution from multipoles of different order
than the FR add incoherently to the total scattering and affect
the overall line-shape. However, control on the excitation of
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different multipolar orders can be addressed by adjusting the
illumination conditions. It has been shown that higher order
resonances can be quenched by using strongly focused beams,
both in single particles41 and particle clusters39. We can con-
sider the effect of focused plane waves by the extension of the
generalized Mie theory described in Section 2. In this way we
can analyze the influence of the focusing degree on the exci-
tation of FR. The simulation scheme considers a plane wave
arriving to an aplanatic lens that is characterized by a semi-
aperture angle α (Fig. 5.a). The particle is placed at the focus
of the lens. One should note that normalized efficiences (see
Section 2) are used here in order to enable comparison with
plane wave excitation. Figure 5.b shows the influence of α on
the normalized scattering efficiency of a dielectric-core silver-
shell particle with εc = 9, rc = 15 nm and rs = 65 nm. The
dipolar cavity-like mode is excited at 2.94 eV while the sphere-
like quadrupolar mode is closely located at 3 eV. By increasing
the degree of focusing, the quadrupolar resonance is quenched
and an enhanced Fano line-shape in the scattering spectra can
be observed. The influence of the excitation characteristics is
also evidenced in the near field distribution at the photon en-
ergy corresponding to the Fano dip of the scattering spectra.
For a plane wave excitation (Fig. 5.c) the near field distribution
shows a typical quadrupole signature, while for a strongly fo-
cused plane wave (Fig. 5.d) the incomplete cancellation of the
dipole moments associated with the cavity-like and sphere-like
modes results in dipolar-like characteristics. These observa-
tions are supported also by the calculation of the far-field ra-
diation patterns that show a combination of quadrupolar and
dipolar characteristics for a plane wave excitation (Fig 5.e) and
only dipolar lobes for tight focusing (Fig 5.f).
Alternatively, low order multipolar resonances can be
quenched if the excitation beam is properly polarized. Thus,
Hermite-Gaussian and Laguerre-Gaussian beams are able to
inhibit the formation of a hot-spot at the gap between rod an-
tennas associated with the coupled dipolar mode excitation70.
Figure 6 shows the normalized extinction, scattering and ab-
sorption efficiencies when a lens with semi-aperture of 90◦ is
illuminated by a plane wave or by an x−polarized Hermite-
Gaussian beam of order 0 and degree 1. In the first case the
higher order quadrupolar mode is quenched, while in the sec-
ond case the dipolar resonance is not excited and the scattering
spectrum is dominated by the quadrupolar FR. One has to take
into account that in order to quench the dipolar resonance the
phase jump in the light distribution exciting the particle has to
be in a direction perpendicular to the polarization. Otherwise a
longitudinal component of the field appears71 that leads to the
excitation of dipolar bright modes44.
Regarding the effect of the polarization distribution on the
optical response of nanostructures, it has to be mentioned the
unique potential of cylindrical vector beams72 to control plas-
monic resonances . It is the case of excitation of ring modes
Figure 5 a) Excitation of a core-shell with a focused plane wave
(FPW). b) Normalized scattering (solid) and absorption (dash)
efficiencies for a core with εc= 9 and silver shell with rc = 15 nm and
rs = 65 nm excited by a FPW with different semi-apertures. c) and d)
show the near field distribution of the square electric field amplitude
(log scale) and e) and f) the normalized radiation patterns in the XZ
plane.
in plasmonic clusters44 that has been experimentally demon-
strated in recent works73,74. In the context of FR in core-shell
systems, one can take profit that a radially polarized (RP) beam
is able to excite only electric multipolar modes43 and inhibit
magnetic modes. Figure 7.a shows the efficiencies of a silver-
core silicon-shell particle with rc = 68 nm and rs = 225 nm sur-
rounded by air. This particle configuration has been recently
proposed as a structure able to achieve broadband unidirec-
tional scattering response thanks to the combination of the elec-
tric dipole moment from the silver core and the magnetic dipole
moment of the silicon shell that are excited in the same spec-
tral region75. This characteristic is illustrated in the radiation
pattern at the resonance peak (Fig 7.c). A close analysis shows
that the electric dipolar contribution has an asymmetric line-
shape characteristic of FR that results from the excitation of
core plasmon mode and the electric dipolar contribution of the
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Figure 6 Normalized extinction (blue), scattering (red) and
absorption (green) efficiencies of a dielectric-core silver-shell particle
with εc= 9, rc = 50 nm and rs = 100 nm. The particle is located at the
focus of a lens with semi-aperture α = 90◦ illuminated by a plane
wave (solid) and by an x-polarized (0,1) Hermite-Gaussian beam.
silicon shell, in a similar fashion as discussed above (see Figure
4). Thus, at the wavelength where the Fano dip of the electric
dipole resonance takes place and the electric dipolar contribu-
tion is minimized, the radiation pattern can be associated with
the magnetic dipole oriented in the y-direction, i.e., excited by
the plane wave magnetic field (Fig.7.e). If a strongly focused
RP beam is used as excitation, the magnetic contributions are
removed and only the electric modes can be excited (Fig. 7.b).
At the scattering maximum the radiation pattern losses its uni-
directional character and resembles the one of an electric dipole
oriented in the z-direction, i.e., excited by the longitudinal com-
ponent of the focused RP beam (Fig. 7.d). At the wavelength
where the Fano dip takes place, the radiation pattern acquires
the characteristics of an electric quadrupole (Fig. 7.f).
Complementing the previous case, inhibition of electric mul-
tipoles and exclusive excitation of magnetic modes can be
achieved by using an azimuthally polarized (AP) beam. In Fig-
ure 8.a, the scattering properties of a silicon-core silver-shell
particle illuminated by a plane wave show several Fano reso-
nances of different multipolar orders. When the particle is lo-
cated at the focus of a lens illuminated by an AP beam, only the
dipolar magnetic response and, hence, its associated FR can be
excited (Fig 8.b). By removal of the electric dipole contribu-
tions, the FR is significantly enhanced. Thus, while the ratio
between scattering efficiencies at the peak and dip frequencies
of the magnetic FR is 1.22 for plane wave excitation, a value of
Figure 7 Extinction, scattering and absorption efficiencies of a
silver-core silicon-shell (εs= 11.56) particle with rc = 68 nm and rs =
225 nm excited by a plane wave (PW) (a) and a focused radially
polarized beam (RP) with α =90◦ (b). Note that the normalized
efficiency values are very large because the incident power crossing
the particle vanishes on the z axis 43. Radiation patterns at the
maximum extinction efficiency (c, d) and at the Fano dip of the
electric dipole (e, f)
4.26 is obtained when using an AP beam. The removal of the
electric contribution also enables to get a closer insight on the
characteristic field distribution of a dipolar magnetic FR. Thus,
for energies below the FR (Fig. 8.c) the particle response at the
focal plane is characterized by an electric field distribution in-
dicating ring-shaped displacement currents that are parallel in
the core and in the shell, i.e., by parallel dipolar magnetic mo-
ments in the perpendicular (z) direction. For energies above the
FR (Fig. 8.d), the electric field lines show approximately oppo-
site displacement currents in the shell and in the particle, i.e.,
the associated dipole magnetic moments in the perpendicular
direction are anti-parallel.
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Figure 8 Extinction, scattering and absorption efficiencies of a
core-shell particle with a core with εc= 11.56 and silver shell with rc
= 100 nm and rs = 155 nm excited by a plane wave (a) and a focused
azimuthally polarized beam with α = 90◦ (b). Electric field
circulation at the focal plane for energies below (c) and above (d) the
magnetic Fano resonance
4 Conclusions
In summary, it has been shown that concentric single layer
core-shell particles present inherent FR resulting from the in-
teraction between cavity-like and sphere-like modes. Efficient
excitation of these FR requires weak hybridization and the use
of dielectric materials with large dielectric function in order to
enhance the spectral overlapping between resonances. The in-
volved modes do not have to be necessarily of plasmonic char-
acter, as FR can be obtained in all-dielectric core-shell particles
using Mie resonances. Retardation can improve the FR strength
and induced additional multipolar resonances. Enhancement of
FR can be achieved by tailoring the illumination conditions in
order to quench the excitation of unwanted modes that con-
tribute incoherently to the scattering. Control of the illumi-
nation polarization and intensity distribution can dramatically
modify the near field and far-field response of the particle for
photon energies around the FR. Overall, it has been shown that
a proper choice of material, sizes and illumination conditions
may enable core-shell particles to become an effective nano-
structure for the excitation of plasmonic FR.
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